
STOP 



Early Journal Content on JSTOR, Free to Anyone in the World 

This article is one of nearly 500,000 scholarly works digitized and made freely available to everyone in 
the world by JSTOR. 

Known as the Early Journal Content, this set of works include research articles, news, letters, and other 
writings published in more than 200 of the oldest leading academic journals. The works date from the 
mid-seventeenth to the early twentieth centuries. 

We encourage people to read and share the Early Journal Content openly and to tell others that this 
resource exists. People may post this content online or redistribute in any way for non-commercial 
purposes. 

Read more about Early Journal Content at http://about.jstor.org/participate-jstor/individuals/early- 
journal-content . 



JSTOR is a digital library of academic journals, books, and primary source objects. JSTOR helps people 
discover, use, and build upon a wide range of content through a powerful research and teaching 
platform, and preserves this content for future generations. JSTOR is part of ITHAKA, a not-for-profit 
organization that also includes Ithaka S+R and Portico. For more information about JSTOR, please 
contact support@jstor.org. 



SPECTRAL STRUCTURE OF THE PHOSPHORESCENCE 
OF CERTAIN SULPHIDES. 1 

Discussing Measurements by Drs. H. E. Howe, H. L. Howes 
and Percy Hodge. 

By EDWARD L. NICHOLS. 

(Read April 13, 1917.) 

Ph. Lenard, to whom we owe extended studies of the class of 
highly phosphorescent substances known as the Lenard and Klatt 2 
sulphides, describes 3 the spectrum of the emitted light as consisting 
of a single broad band in the visible spectrum. This band which 
appears single, in most cases, as viewed with the spectroscope does 
not however conform to the recognized criteria. The marked dif- 
ference between the color of fluorescence and that of phosphores- 
cence and the changes of color during decay, suggest overlapping 
bands. E. Becquerel 4 in 1861 showed in his pioneer work on phos- 
phorescence, that the color of the emitted light varies with the wave- 
length of the exciting light. His observations apply, it is true, to 
sulphides of barium, calcium and strontium not identical in make-up 
with the sulphides of Lenard and Klatt but obviously belonging to 
the same class. In a recent paper 5 the present writer gave more 
direct evidence of the existence of more than one band in the spectra 
of these substances. In that investigation which dealt primarily 
with the phenomena of color as seen in the phosphorescence, it was 
shown that with the aid of a special form of phosphoroscope 6 which 
permitted of the observation of phosphorescence during the first few 

1 An investigation carried out in part with apparatus purchased by aid 
of a grant from the Carnegie Institution of Washington. 

2 Lenard and Klatt, Ann. der Physik., XV, p. 225, 1804. 

3 Lenard, Ann. der Physik., XXXI., p. 641, 1910. 

* E. Becquerel, La Lumiere, Vol. I., 1861. 

5 Nichols, Proc. Am. Philos. Soc, 55, p. 494, 1916. 

• Nichols, Proc. Nat. Acad. Sc, II., p. 328, 1916 ; also Nichols and Howes, 
Science, N. S., XLIIL, p. 937, 1916. 
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thousandths of a second after the cessation of excitation as well as 
later, various marked changes of color during decay not previously 
noted could be detected. These changes were readily explained by 
the assumption of overlapping bands, one of which decays with 
great rapidity and vanishes in a few thousandths of a second, while 
the other persists. The actual existence of these two components 
was readily verified : 

1. By observing the spectrum of the light as viewed through the 
openings of the phosphoroscope. One end of the band could be 
seen to collapse immediately after the cessation of excitation, i. e., 
the end towards the violet in the case of the luminous barium 
sulphides and the end towards the red when the sulphides of calcium 
or strontium were under observation. 

2. By exciting the substance at the temperature of liquid air. 
Under these conditions the persistent band was completely destroyed 
leaving only the band of short duration visible in the phosphoro- 
scope; with consequent change of color. 




Fig. i. 

It should be noted in this connection that in their original paper 7 
Lenard and Klatt depicted these spectra as complex, while in his 
latest paper, already cited, Lenard prefers to regard them as single. 
This later view may be most briefly and conveniently indicated by 
the upper part of Fig. i, which is a typical diagram reproduced from 
Lenard's plate. Here the shaded area represents the location of the 
band of emission, indicated as a single broad band and the two 

'Lenard and Klatt, Ann. der Physik, (4), XV., p. 225, 1904. 
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enclosed areas BB in the ultra-violet show the regions capable of 
exciting phosphorescence. These two crests or so-called bands of 
excitation (Erregungsbande) have fixed positions as to wave-length, 
for each sulphide. 

Significance of the Bands of Excitation. 

It seemed to the writer probable that these regions of maximum 
excitation, the positions and appearance of which had long since 
been beautifully depicted by Becquerel in the work already cited, 
were due to the presence of absorption bands. Dr. H. E. Howe 
who was employed during the past summer in the study of the ultra- 
violet absorption spectra of certain fluorescent solutions, was kind 
enough to test this hypothesis. Following the method developed by 
Stokes and by Becquerel and subsequently used by Lenard and 
Klatt, the phosphorescent substance was exposed to the dispersed 
rays of a large quartz spectrograph. The source of light was the 
powerful submerged aluminum spark described by Henri 8 and sub- 
sequently employed by Howe 9 in his study of absorption spectra. 
This affords a continuous spectrum of -great intensity extending to 
about .2 ix. A considerable portion of the ultra-violet spectrum was 
found capable of exciting fluorescence. In the case of a barium 
sulphide with lead with a flux of sodium sulphate this broad band 
of excitation, corresponding to Lenard's " Momentanband," extended 
from .42 /* to about .23 /t. It is indicated by the dotted line in the 
lower diagram in Fig. 1. Upon this were gradually developed two 
narrow crests or maxima which glowed for sometime after the close 
of excitation, the " Dauerbande " of Lenard. The wave-lengths of 
these crests were estimated as .380 /t and .335 p, Lenard gives for a 
sulphide of similar composition .377 /a and .332 /a respectively, as 
shown in the upper diagram. 

To obtain the absorption spectrum of these sulphides by trans- 
mission is impracticable on account of their great opacity, but the 
following procedure was in some instances successful. A thin layer 
of the substance was pressed between quartz plates, and mounted in 
front of the slit in such a position that rays from the spark would 

8 V. Henri, Physikalische Zeitschrift, 14, p. 516, 1913. 
9 H. E. Howe, Physical Review, 2, VIII., December, 1916. 
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be diffusely reflected into the collimator of the spectrograph. Photo- 
graphs which exhibited the selective absorption of the substance were 
thus obtained. The barium sulphide under investigation showed two 
narrow absorption bands, indicated below the base line in Fig. i, and 
a region of general absorption beyond .3/1. The two narrow bands 
whose crests as determined from the photographs were at .375 /* 
and .332 ft, obviously correspond with the bands of excitation and 
sufficiently explain the existence of the latter. 

Similar coincidences between selective absorption and selective 
excitation were established in the case of the compound SrPbNaF 
at .355/1 (Lenard's band .358/1) and of SrZuF at .360 /* and .297^ 
(Lenard's bands .360 /*, and .297 p.). The relation is therefore prob- 
ably a general one, corresponding to that already demonstrated in 
the case of the selective action of infra-red rays upon phosphores- 
cence of zinc sulphide, where the maximum effect was found in 
regions of maximum absorption. 10 

Spectrophotometric Measurements. 

A detailed spectrophotometric study reveals widely varying de- 
grees of complexity in the spectra of the different sulphides. Dr. 
H. L. Howes kindly made for the writer very careful measurements 
of three characteristic compounds, which may be regarded as pre- 
liminary to a more extended investigation. 

His method, briefly stated, was as follows: The substance was 
mounted behind the disk of the synchrono-phosphoroscope and was 
illuminated by means of the radiation of the zinc spark; the disk 
being adjusted so as to afford observation of the phosphorescence in 
its earliest stages, i. e., after a few ten thousandths of a second from 
the close of excitation. In place of the photometer used in taking 
curves of decay a spectrophotometer with two collimators, Lummer- 
Brodhun cube (L) and constant deviation prism was mounted as 
shown in Fig. 2. One collimator was directed towards the phos- 
phorescent surface P, the other towards the comparison light A. 
The latter consisted of an acetylene flame properly screened. The 
two slits S, S of the spectrophotometer were of equal width and 

10 Nichols and Merritt, "Studies in Luminescence," Publications of the 
Carnegie Institution, No. 152, p. 84. 
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measurements were made by moving the flame along a photometer 
bar B, B in the prolonged axis of the collimator. Settings were 
made at intervals of 50 Angstrom units throughout the spectrum. 
On account of the very great range of intensities within the phos- 
phorescence spectrum it was necessary to increase the effective range 
of the photometer bar by the interposition of screens for which the 
reduction factors had been carefully determined. 




Fig. 2. 



The first substance studied in this manner was a strontium sul- 
phide, with bismuth as the active metal, designated as L. and K. No. 
13. The spectrum curve obtained by Dr. Howes, using the method 
described above, is shown in Fig. 3. The complexity of the band 
is very obvious, there being subordinate crests on either side of the 
principal maximum. 

The curve suggests at once a group of overlapping bands, so 
nearly merged that to the eye it would appear as a single simple 
band. There is moreover a distinct suggestion of a systematic 
relation. 
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Taking the relative frequencies, i. e., reciprocals of the approxi- 
mate wave-lengths (1//1X io 3 ), of the crests as estimated from the 
curve, it is found that the intervals are either very nearly 58 or 
twice that number. If a series having 58 as its constant interval 
be formed with one member located at the principal crest (A. =4800) 
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Fig. 3. 



other members of this series will coincide with the subordinate crests 
of the curve. The shbrt vertical lines in Fig. 3 indicate the posi- 
tions of those members of such a series as coincide with the crests 
and of two further members which fall on a slight and not very 
well defined maxima at .5562 /* and .5921 /*. 
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The agreement is sufficiently good throughout to warrant the 
statement that : 

The band consists of a complex the overlapping components of 
which, so far as visible, are members of a series having a constant 
interval. 

The following table gives the appproximate frequencies and 
wave-lengths. 

TABLE I. 

Approximate Frequencies and Wave- Lengths of Visible Crests in Spec- 
trum of the Phosphorescent Sulphide L. and K. No. 13 (Sr. Bi, NajSO*). 

Intervals. 
58 
58 
58 

58 

2X58 

2X58 

— - 1735 2 X 58 

.5921 1677 

The three members of the above series not designated in the table 
as corresponding to visible crests have wave-lengths at .5084 /a, 
.5402 /a and .5764/1 and these fall upon less definite maxima on the 
curve than those which have been called visible crests. 

Another substance investigated with the spectroscope was a cal- 
cium sulphide with bismuth as the active metal (L. and K. No. 3) 
which is notable for its intense blue phosphorescence. 

The spectrum, as will be seen from Fig. 4, appears as a single 
crested band with a well-defined maximum of unusual brightness 
at about .447 p. It is of the well-known typical form, steeper 
towards the violet and shows no visible evidence of complexity ; but 
the phosphorescent light extends throughout the visible spectrum 
although of relatively very small intensity in the longer wave- 
lengths. Plotted to this scale no details of this weaker region can 
be seen but if the ordinates be increased one hundred fold, as in 
curve BB, various maxima and minima appear ; indicating a second 
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complex band, or overlapping group of bands which merge into the 
brilliant blue band at their more refrangible end. 

This is in agreement with the fact recorded in a recent paper 11 
that when this substance is excited to phosphorescence at the temper- 
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Fig. 4. 



ature of liquid air its color is blue-green instead of blue-violet on 
account of the suppression of the band of shorter wave-length which 
is dominant at ordinary temperatures. 

The crests shown in the curve BB also belong to a series of con- 
11 Nichols, Proc. of the American Philos. Society, Vol. LV., p. 496, 1016. 
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stant frequency interval, the approximate interval being 39. The 
location of the members of this series which coincide with maxima 
are indicated by vertical lines. Frequencies (i/^X 10 s ) and wave- 
lengths are given in Table II. 

TABLE II. 

Series of Visible Crests in the Spectrum of L. and K. Sulphide No. 3 

(CaB,'). 

Visible Crests. Series. Interval 

At i/ii X 10 3 from Series. 

•5300 1887 39 

.5411 1848 39 

.5528 1809 39 

.5650 1770 39 

•578i 1731 39 

.5910 1692 39 

.6049 1653 39 

.6200 1614 

Here every member of the series is represented by a recognizable, 
although in some cases somewhat indefinite maximum in the curve, 
as far as .5300/1. If we extend the series further towards the violet 
we find that the ninth member beyond .5300 p lies at .4468 p (fre- 
quency 2238) and this coincides with the main crest well within the 
errors of observation. There are other barely discernible indications 
of submerged crests on either side of the principal crest. 

The most striking example investigated in this preliminary study 
is that presented by L. and K. No. 33, a barium sulphide with copper. 

Here we have obviously two overlapping complexes of bands 
(see Fig. 5), at least 14 crests of which are indicated more or less 
definitely by the irregularities in the spectrum curve. 

In this case the bands fall into two groups. From wave-length 
.5/* towards the violet the frequency intervals between neighboring 
crests are all multiples of 70. Towards the red the interval is 26.6 
for all but one band. This band at .5376^ falls however into the 
series having the constant interval of 70. 

To indicate the closeness of the agreement vertical lines have 
been drawn on the diagram in Fig. 5, as in the previous cases, at 
wave-lengths corresponding to those members of the two series of 
constant interval which coincide with observable crests. Solid lines 
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belong to the group with an interval 70, dotted lines to the 26.6 
interval. Wave-lengths, reciprocals and intervals are given in 
Table III. 

The designation of these series as of constant interval, upon the 
basis of the curves in Figs. 3, 4 and 5, can be tentative and approxi- 




Fig. 5. 



mate only ; but no systematic departure large enough to be detected 
appears to exist. The wave-lengths given in the tables are those of 
the vertical lines and therefore of the members of the constant inter- 
val series which coincide with the various crests. No independent 
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estimates of the wave-lengths would seem to be significant. The 
curves however were plotted directly from the spectrophotometric 
readings without reference to any possibly symmetrical arrangement 
of the crests. 

TABLE III. 

Approximate Frequencies and Wave-Lengths of Visible Crests in the 
Spectrum of the Phosphorescent Sulphide L. and K. No. 33. 





Visible crests with interval — 
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Visible crests with interval = 26.6. 
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Whether the spectra under consideration are to be regarded as 
consisting of a single band or of more than one band is not a ques- 
tion of complexity of structure. Any system, however complex, 
which behaves as a unit under varying conditions of temperature, 
mode of excitation, etc., all the components being affected in like 
manner, may be considered as a single band in the sense in which 
that term has been used by Lenard. We have a striking example 
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indeed of such bands or systems of great complexity of structure in 
'the case of the uranyl salts. 

The evidence that, in general, the spectra of the phosphorescent 
sulphides contain more than one band or complex has already been- 
mentioned, e. g., the marked changes of the color of phosphorescence 
with temperature and during the process of decay, the change of 
color with the mode of excitation as described by Becquerel, etc. 

In the three sulphides the spectra of which have just been dis- 
cussed it was thought probable that in spite of the overlapping of 
the components something might be learned by observing the decay 
of phosphorescence of different regions of the spectra separately 
and for this purpose Drs. Howes and Hodge made the following 
determinations. 

The Decay of Phosphorescence in Different Portions of 

the Spectrum. 

To obtain the curve of decay for a restricted region of the 
spectrum the spectrophotometer was used in combination with the 
synchrono-phosphoroscope and photometer bar as described in a pre- 
vious paragraph (see Fig. 2). The collimator slits which, to secure 
the greatest possible detail in the spectrophotometric measurements 
had been very narrow, were opened to a width of 2.0 mm. so that 
the brightness of the contrast field would be sufficient to allow the 
observer to follow the rapidly fading phosphorescence even in the 
weaker portions of the spectrum. 

The spectrophotometer was set for a selected region and the 
curve of decay was obtained in the usual manner by observing the 
position of the comparison lamp upon the photometer bar which 
gave equality in the contrast field for increasing times after the close 
of excitation. The range of the readings was from .001 sec. to .03 
sec. according to the position of the sectored disk upon the shaft of 
the phosphoroscope. 

In this way a set of curves corresponding to several nearly equi- 
distant regions within the phosphorescence spectrum was obtained 
for each of the three sulphides under consideration. 
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Three such curves for the Ca, Bi sulphide No. 3, plotted with 
7 _% as ordinates, are shown in Fig. 6; four for the Sr, Pb sulphide 
No. 13 in Fig. 7 and three for the Ba, Cu sulphide No. 33 in Fig. 8. 
A notable feature of all these curves is the existence of two so-called 
linear processes the first of steeper slope and therefore indicative of 
a more rapid decay of phosphorescence than the second. This form 




Fig. 6. 

of curve, as is well known, is characteristic of phosphorescent sub- 
stances in general, the only well established exceptions being those 
occurring in the case of the uranyl salts." As regards the relation 
of the two processes recorded in these diagrams to what appear as 
the first and second processes in the usual study of the long time 
phosphorescence of such sulphides, it is clear that the second process 
12 Nichols, Proc. Nat. Academy of Sciences, II., p. 328, 1916. 
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in our curves is not identical with the first process as observed by 
the usual long time methods. 

Assuming the second process to continue; the intensity after i 
second would be about 1/1,000 of that at .01 sec. or roughly 
1/20,000 of its initial brightness; whereas as is well known these 
substances retain an easily visible phosphorescence after many 
seconds. 




This can only be accounted for by supposing that one or more 
later processes of successively slower decay follow one another; 
making up a more complicated curve of decay than has generally 
been assumed. Carl Zeller, 18 the only previous investigator to 
determine the earlier stage of this type of phosphorescence, has 

"Zeller, Physical Review, (1), 31, ,p. 367; also Carnegie Publications, 
No. 152, p. 124. 
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published a diagram which overlaps the range of the present experi- 
ments. Three of his curves are for a Sr, Bi; Ca, Bi and Ba, Cu 
sulphide respectively; corresponding to and possibly identical with 
our 13, 3 and 33. These show a linear process which he regards 
as the first process in the decay and which, as he points out, has, 




in each case, a much steeper slope than the first process, so called, 
obtained by observations covering the range from a sec&nd or more 
onwards. The slope of his lines considering the range from .01 s to 
.03 s and remembering that Zeller did not determine the decay for 
various regions of the spectrum separately are fairly comparable 
with the second process (beyond the knee) in Figs. 6 and 7 if we 
select the regions including the principal crest. We may therefore 
regard Zeller's process which extends as far as .06 second as the 
same as our second process. 
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The change of slope between this process and the first process 
so called in the curves of decay for these sulphides as observed dur- 
ing the interval from two seconds onward is very great. In a rep- 
resentative curve obtained by Mr. Carleton E. Power 14 for example 
his first process extends for nearly 50 seconds. The slope if com- 
puted for a time scale such as that used in our measurements where 
1/100 sec. may be taken as a convenient unit, is scarcely perceptible. 
The increase in the ordinate (/~ % ) in passing from time .01 sec. to 
.02 sec. in our second process or in Zeller's process is of the order 

T -1/2 

J-m _ 

T -1/2 — I-2 > 

Power's first process would give a ratio of the order of 1.008. 

In other words during the first few hundredths of a second 
after the close of excitation the intensity of phosphorescence falls 
in each 1/100 of a second from unity to about .70 while after sev- 
eral seconds, it falls in 1/100 second only from unity to .99. 

It seems probable, assuming continuity in the progress of the 
decay, that if we had a complete curve of decay for one of these 
sulphides, the knee between our second process and the first process 
of the long-time curves would be found to lie somewhere between 
0.10 second and 1.0 second. If it occurs much earlier than 0.10 
second, Zeller would have discovered it; if much beyond 1.0 second 
it should appear in the long-time measurements. In fact many 
curves for the decay of phosphorescence by the latter process do 
show a downward trend and Lenard, among others, has disputed the 
linear character of the curve as we approach the origin of time. 
The existence of at least four linear processes each of longer dura- 
tion and lesser slope than the preceding may well account for the 
difference of opinion. An observer determining the law of decay 
as a whole by a method not taking cognizance of time intervals of 
less than say 1/10 second, would describe as a curve what under 
much more detailed study might be revealed as a succession of linear 
processes. 

Owing to the overlapping of the components in the spectra under 
consideration it is difficult to determine whether the group of equi- 
distant bands are to be regarded as a unit, as in the case of the 

" Power, C. E., Manuscript Thesis in the Library of Cornell University. 

PROC. AMER. PHIL. SOC, VOL. LVI, S, JUNE 21, I917. 
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uranyl salts, or indeed whether they constitute the whole of the 
phosphorescence spectrum. To that end some method permitting 
of more complete resolution must be devised. The pronounced 
changes in the color of the phosphorescent iight would make it seem 
probable that we have to do in these observations chiefly with com- 
ponents of the phosphorescence that are of rapid decay and which, 
after a few hundredths of a second, disappear leaving behind other 
components which constitute the phosphorescence of long duration. 
These, which are probably of relatively insignificant initial bright- 
ness, doubtless overlap the phosphorescence of short duration but 
occupy, as a whole, a somewhat different portion of the spectrum. 
In that case since one has to do with a different group of bands 
in observing the initial and the later phases of phosphorescence there 
would be an actual discontinuity between the processes discussed 
above and the great change of slope is readily explained; 

Summary, 
i. The regions of selective excitation (the bands of excitation 
for the Lenard and Klatt sulphides, are shown to coincide in position 
and extent with absorption bands in the transmission spectrum. 

2. The spectrum of the phosphorescent light, during the first few 
thousandths of a second after the close of excitation, contains one or 
more groups of overlapping bands, the crests of each group forming 
a spectral series having a constant frequency interval. 

3. The decay of phosphorescence during the first three hun- 
dredths of a second after the close of excitation may be described 
as consisting of two processes each showing a linear relation between 
/- % and time. The first and more rapid process lasts for less than 
.01 second for the three sulphides studied under the intensity of 
excitation employed. The second process probably persists for .06 
second or more. 

4. The phosphorescence of long duration of the sulphides under 
consideration is probably due to another group of bands of com- 
paratively feeble initial brightness which come under observation 
only after the phosphorescence of short duration has vanished. 

Cornell University, 

Department of Physics, 
March, 191 7. 



